I. INTRODUCTION
Recently, the applications of ultracapacitors in energy storage, such as hybrid electric vehicles and soft portable electronics, attracted tremendous interest of scientific community. 1 Besides the features of light weight and compact size, the revolutionary ultracapacitors also possess much higher energy and power densities than conventional capacitors. Essentially, the performance of ultracapacitors is dependent on the electro-active materials serving as electrodes. Among candidates for electro-active materials, carbon nanotubes and graphene are the rising promising nanomaterials for electronic and energy storage devices nowadays due to their highly accessible specific surface area, unique nanoscale structures and good electrical conductivity. Hu et al. 2 prepared flexible ultracapacitor in a coffee-bag cell by singlewalled carbon nanotube (SWCNT) thin film and achieved specific capacitance of 33 F/g and a high specific power of 250 kW/kg with an organic electrolyte. Also, graphene were shown to have excellent electrical properties and specific capacitance when applied to ultracapacitors. For example, Zhu et al. 3 improved the graphene synthesis technique and reported a simple activation with KOH of microwave exfoliated graphite oxides and thermally exfoliated graphite oxides to achieve specific capacitance around 200 F/g in organic electrolyte. Moreover, a laser reduction of graphite oxides method 4 was proposed by using a standard LightScribe DVD drive. After laser reduction, the graphene-based materials can be used directly as electrodes of ultracapacitors without binders or current collectors. The ultracapacitor offered a specific capacitance of 265 F/g in an organic electrolyte with a wider operating voltage window of 3 V.
The crucial issues related to the further improvement of the performance of ultracapacitors are the increase of quality of carbon nanostructures and the controllable synthesis of carbon nanotubes and graphene with desired properties. Anodic arc discharge supported by the erosion of anode materials is an efficient and practical method to provide nanomaterials for ultracapacitors. It can provide specific non-equilibrium processes and a high influx of carbon materials to the developing structures at relatively high temperature, and consequently lead to the product with few structural defects and better crystallinity. 5, 6 Additionally, by introducing a magnetic field during the synthesis processes, it was demonstrated that the magnetically enhanced arc can narrow the diameter distribution of metallic catalyst particles and SWCNT, increase the length of SWCNT, as well as change the ratio of metallic and semiconducting carbon nanotubes. [7] [8] [9] The most important finding was that high-quality SWCNT and large-scale graphene were successfully synthesized by an arc in one step, which offers a great opportunity to utilize advantages of SWCNT and graphene together. [10] [11] [12] Although there are numerous developments in ultracapacitors by carbon nanotubes or graphene, respectively, [13] [14] [15] few reports were focused on the combination of the two promising nanomaterials. To this end, we report on research of the synergistic effects of SWCNT and graphene in paperbased ultracapacitors. The composites can be simultaneously synthesized in a non-uniform magnetically enhanced arc discharge. Thin-film electrodes of paper-based capacitors were prepared by the rod-rolling method with the ink of the carbon nanomaterials. The temperature-dependent behavior of sheet resistance of thin-films electrodes was obtained by fourpoint probe technique from room temperature to 90 K. curves of cyclic voltammetery (CV) and galvanostatic charging/discharging were measured to test specific capacitance of ultracapacitors.
II. EXPERIMENTAL SETUP
The arc discharge system for carbon nanostructures synthesis consists of a cylindrical stainless-steel chamber and the cathode-anode assembly, which is installed inside the chamber. The cathode is a solid graphite rod with the diameter of 13 mm, and anode is a hollow graphite rod with the inner and outer diameter of 2.5 and 5 mm, respectively. Graphite powder, catalyst powder of nickel and yttrium was mixed well and filled firmly inside the anode keeping the total molar radio of C:Ni:Y is 94.8:4.2:1. [16] [17] [18] Initially, the chamber was pumped down to the pressure less than 10 À1 Torr vacuum and then filled in by helium with purity of 99.995% up to 500 Torr. A cuboid permanent magnet was placed inside the chamber to provide non-uniform magnetic field for the one-step synthesis of high-quality SWCNT and graphene, and magnetic strength in the gap between cathode and anode was about 0.06 T.
To evaluate electrical quality of the synthesized product by the non-uniform magnetically enhanced arc and extend research to the application of ultracapacitors, thin-film electrodes of SWCNT-graphene composites were prepared by rod-rolling method on commercial paper. 19 The paper was first treated with 10% polyvinylidene fluoride (PVDF, Kynar HSV 900) to prevent the penetration of carbon nanostructures coated on the both sides. A Meyer rod (Rdspecialties) with a coating thickness of 4.6 lm was rolled over the paper with PVDF solution and then the treated paper dried at 70 C in an oven for at least 30 min. The composite ink with a concentration of 2.0 mg/ml of SWCNT and graphene was probesonicated for 30 min with 50% sonicating amplitude in the solution of 1% sodium dodecylbenzenesulfonate. The Meyer rod was used again to coat the composite ink on both sides of the PVDF-treated paper. The contrast experiment was also done to make the thin film of pure SWCNT synthesized without magnetic field.
III. CHARACTERIZATION
The morphologies of carbon nanostructures and thin films were characterized by scanning electron microscope (SEM) and transmission electron microscope (TEM). Fig.  1(a) shows the SEM image of a typical graphene flake synthesized in the magnetically enhanced arc, while Fig. 1(b) presents the TEM image of few-layer graphene and the electrons diffraction pattern associated with the graphene. The hexagonal dots pattern of electron diffraction presents the evidence of well-ordered crystal structures. The various morphologies of SWCNT without magnetic field and with magnetic field were compared under TEM in Figs. 1(c) and 1(d), respectively. It can be seen that SWCNT are close-packed into bundles due to the Van der Waals interaction with the diameters ranging from 2 to 20 nm. According to the figure, SWCNT without the magnetic field have larger diameter bundles and individual tubes. Additionally, the magnetic field can result in SWCNT with higher yield and purity as shown in TEM images. The surface morphologies of two thin films were shown in Figs. 1(e) and 1(f) under SEM. One can see the different morphologies: Fig. 1(e) displays the entangled network of pure SWCNT, whereas the hybrid nanostructures of SWCNT and graphene exist in the thin films by magnetically enhanced arc in Fig. 1(f) . The thickness of thin-film electrodes made of SWCNT and hybrid films was evaluated from the cross-section view of electrodes under SEM. Both films have the approximately the same thickness of 5 lm.
Raman spectroscopy was also utilized for characterization of the two thin films. The spectrum shown in Fig. 2 was performed on a micro-Raman system (Horiba, HR) based on a 50 mW laser with the wavelength of 532 nm, and a multichannel air cooled CCD detector. The Raman spectra were measured from 100 to 3200 cm
À1
. The radial breathing mode (RBM) between 120 and 350 cm À1 can be used to identify the nanotubes diameter through the coherent vibration frequency of the carbon atoms in the radial direction. The experimental correlation between the frequency and SWCNT diameter is . Therefore, the average individual diameter can be estimated as 1.52 and 1.19 nm, for SWCNT without and with the magnetic field, respectively. In our previous paper, the mechanism was demonstrated that magnetic field can reduce the size of the catalyst particles and then result in the smaller diameter of SWCNT. 9 The D mode at $1330 cm
originates from structural defects of graphite-like materials, and the G mode at $1600 cm À1 stems from in plane vibrations which can be observed in all sp 2 carbon materials. Therefore, the ratio of the G/D modes is conventionally used to evaluate the structural quality of carbon nanostructures. From Fig. 2 , it can be calculated that the ratio of intensity I(G)/I(D) of the composites synthesized in arc with the magnetic field is significantly larger than the contrast sample, which shows that the SWCNT and graphene in composites have fewer defects. The 2D mode at $2660 cm À1 is a second order peak of the D mode but is seen even in non disordered systems, due to the fourth order phonon momentum exchange double resonance process. The intensity I(2D)/I(G) is approximately 4 for monolayer graphene and decreases with the addition of subsequent layers, thus making it possible to estimate the thickness of graphene layers. 20 In Fig. 2 , the Raman spectrum of composites (red color) indicates that the value of I(2D)/I(G) is around 1, which provides evidence for few-layer graphene.
IV. ELECTRICAL TEST RESULTS
Sheet resistance of the two thin films was measured by four-point probe technique, in which separate pairs of current leads and voltage leads are used to make more accurate measurement than traditional two-point probe method. The current through the sample was 1 lA. The voltage was measured with a multimeter (Keithley 2000). The sheet resistances of the SWCNT and composite thin films were 440.2 and 90.5 X/sq at room temperature, respectively. To determine the temperature dependence of sheet resistance, four-point probe measurements were carried out in a cryostat from room temperature to low temperatures of 90 K. The sheet resistance of two thin films in Fig. 3 increase with the decrease of temperature, indicating the resistance-temperature behavior similar to semiconductors. However, the composite electrode presents much lower sheet resistance than the SWCNT electrode, demonstrating much better conductive behavior of composite nanostructures synthesized by magnetically enhanced arc. We also did the direct test of the resistance of nanostructure ink. The composite ink was measured at a much lower resistance than SWCNT ink. Thus, SWCNTgraphene composite electrodes displayed an advantage in lower and steady sheet resistance for the electrical applications, especially in cryogenic temperature. The non-uniform magnetic field is the crucial factor leading to the advantages of nanostructures composite.
In order to test specific capacitance and charge/discharge performance, the ultracapacitor devices were assembled in Fig. 4 , which were made of thin-film electrodes, plastics covers, Mo collectors, and copper wires. The top and bottom plastic covers can keep all components in the desired position tightly and also make the structures less vulnerable to damage. And then 30% potassium hydroxide solution was used as the electrolyte to provide enough mobile ions and electrons. Electrochemical measurements were carried out with a potentiostat/galvanostat (VersaStat 3, Princeton Applied Research). CV measurements were performed to evaluate the stability and the electrochemical behavior of ultracapacitors based on carbon nanostructures. Therefore, the specific capacitances of SWCNT and composites ultracapacitors were calculated as 100 and 36 F/g, respectively.
Galvanostatic charging/discharging measurement is another way to determine the specific capacitance in a twoelectrode configuration. The charging/discharging curves were measured with a current density of 1 mA/cm 2 for SWCNT and composites ultracapacitors in 30% KOH electrolyte presented in Fig. 6 . Voltage drop can be found around the peaks switched from charge to discharge mode due to the non-neglected internal resistance of both ultracapacitors. According to Galvanostatic charging/discharging measurements, the specific capacitance of ultracapacitors was approximately calculated as 95 F/g for composites and 28 F/g for SWCNT. Hence, galvanostatic charging/discharging measurements showed the corresponding results with CV tests that the specific capacitance of ultracapacitors based on the composites of SWCNT and graphene was almost three times higher than ultracapacitors based on pure SWCNT. Specific capacitance of hybrid and SWCNT films measured by CV and galvanostatic methods were summarized in Table I .
Generally speaking, SWCNT and graphene both have unique and excellent electronic, thermal, and mechanical properties. Regarding the specific applications in ultracapacitors, SWCNT have an limit specific surface area of 1300 m 2 /g in theory, 21 and also the high cost for mass production of high-quality carbon nanotubes is a challenge for the commercialization. Graphene sheets have shown a higher theoretical specific surface area of 2630 m 2 /g, a lower electrical resistance, as well as good mechanical strength and chemical stability comparable with or even better than carbon nanotubes. 22, 23 Thus, the great advantage of these hybrid structures design is that graphene can make the contribution for good conductivity in plane of nanostructures and high surface area for the composite ultracapacitor. However, the important role of SWCNT in the composite is to connect all of the structures for the uniform network, and thus enhance the performance of composite ultracapacitors. 24 
V. SUMMARY
In summary, the electrical properties of thin films made from carbon nanostructures synthesized in arc discharge were evaluated by the four-point probe from room temperature to the cryogenic temperature as low as 90 K. Lower sheet resistance and more conducting component indicated the advanced electrical properties of the product synthesized by the magnetically enhanced arc. The measurements of the cyclic voltammetery and galvanostatic charging/discharging also demonstrated the superior specific capacitance of 100 F/g for ultracapacitors based on composites of SWCNT and graphene was significantly higher than those entirely 
